Viruses have impacted the biosphere in numerous ways since the dawn of life. However, the 27 evolution, genetic, structural and taxonomic diversity of viruses remain poorly understood. This is 28 partially due to sparse sampling of the virosphere, which has mostly concentrated on exploring the 29 abundance and diversity of dsDNA viruses. Furthermore, viral genomes are highly diverse, and 30 using only the current sequence-based methods for classifying viruses and studying their phylogeny 31 is complicated. We describe the first virus, FLiP (Flavobacterium infecting, lipid-containing 32 phage), with a circular ssDNA genome and an internal lipid membrane enclosed in the icosahedral 33 capsid. The 9,174-nt long genome showed limited sequence similarity to other known viruses. The 34 genetic data implies that this virus might use similar replication mechanisms to those found in other 35 ssDNA replicons. However, the structure of the viral major capsid protein, elucidated at near-36 atomic resolution using electron cryo-microscopy, is strikingly similar to that observed in dsDNA 37 viruses of the PRD1-adenovirus lineage, characterised by a major capsid protein bearing two beta-38 barrels. The strong similarity between FLiP and another member of the structural lineage, 39 bacteriophage PM2, extends to the capsid organisation (pseudo T=21 dextro) in spite of the 40 difference in the genetic material packaged and the lack of significant sequence similarity. 41
42
Significance 43 We describe phage FLiP, the first ssDNA virus with an icosahedral capsid and an internal lipid 44 membrane. FLiP genome shows limited similarity to known sequences, although a ssDNA 45 replication mechanism was implied by genome analysis. However, as the capsid protein fold 46 indicates relatedness with the dsDNA viruses of the PRD1-adenovirus lineage, FLiP exhibits a 47 unique combination of structural and replication modules. It is suggested, that the capsid protein 48 structure could be used to complement the sequence data when classifying viruses, as well as 49 detecting their deep evolutionary relationships, especially in absence of sequence similarities. 50
Introduction 56
Although conservative calculations estimate the number of viruses in the biome to exceed 10 31 57 virions (1) this enormous group of biological entities is largely unexplored, as only a fraction of 58 viruses have been studied in detail. In recent years, the enormous diversity of the viral world (2) has 59 been revealed by high-throughput sequencing of viral genomes. Whereas the traditionally used 60 virus detection methods (epifluorescence microscopy and pulse-field gel electrophoresis and early 61 metagenomic studies) have been selective for dsDNA viruses (3-5) recent metagenomic studies 62 have revealed that the number of ssDNA viruses in nature has been grossly underestimated. In fact, 63 ssDNA viruses are widespread and may predominate in certain habitats, including the oceans and 64 arctic freshwaters (6-10). However, only a few ssDNA viruses have been cultivated in laboratory 65 conditions and therefore detailed structural and biochemical analysis of distinct ssDNA viruses is 66 mostly lacking. Detailed characterization of novel virus isolates is essential to expand our 67 understanding of evolutionary relationships between viruses and their role in microbial 68 communities (11). 69
Using solely sequence-based methods for virus classification and phylogeny is complicated due to 70 the enormous genetic diversity among viruses (11, 12) . However, essential viral structures and 71 functions are often strongly conserved (13, 14) . There seems to be only a limited number of folds a 72 functional protein may adopt and stringent structural constraints further decrease the number of 73 folds suitable for forming a capsid protein. This makes the serendipitous invention of new 74 architectures very unlikely, so that only a very limited number of lineages of virion architecture 75 have been observed (15, 16) , (17). Therefore, it has been suggested, that the major capsid protein 76 (MCP) fold and overall virion structure could be used to classify viruses and track down their 77 deeper evolutionary relationships (18). 78
We describe here the first icosahedral virus with an ssDNA genome and an internal lipid membrane 79 designated as "FLiP" (Flavobacterium infecting, lipid-containing phage). The 9,174-nt long 80 genome of FLiP has limited sequence similarities with previously identified viruses. Based on 81 cryo-electron microscopy (at 4 Å resolution), the virion structure of FLiP displays pseudo T=21 82 dextro organisation, previously shown only for marine dsDNA phage PM2. The major capsid 83 protein (MCP) consists of two beta-barrels with jelly-roll topology and resembles closely dsDNA 84 viruses of the PRD1-adenovirus -lineage. Thus, these structural data indicate evolutionary 85 relatedness between some ssDNA and dsDNA viruses, and suggest that it would be beneficial to 86 complement traditional sequence-based systems by structure-based approaches. 87
88

Results
89
FLiP is a novel phage infecting Flavobacterium 90
The virus, designated as "FLiP" (Flavobacterium infecting, lipid-containing phage), was isolated 91 together with the host bacterium from a boreal freshwater habitat in Central Finland in September 92 2010. The host bacterium was identified as a member of genus Flavobacterium (Bacteroidetes) by 93 16S rRNA sequencing. Flavobacterium species are important members of freshwater bacterial 94 communities in the boreal regions (19, 20) . The greatest similarity to the obtained 1422 bp long 16S 95 rRNA-sequence was to several Flavobacterium sp. strains (99 %). Accordingly, the host bacterium 96 strain of FLiP was designated as Flavobacterium sp. B330. 97
FLiP virions were collected for purification from plate lysate. Phage particles were concentrated 98 from the filtered lysate with PEG-NaCl -precipitation and then purified by rate zonal and 99 equilibrium centrifugation to near homogeneity. The rate zonal centrifugation was optimized using 100 different gradient materials (iodixanol, glycerol and sucrose). In sucrose gradient the phage yield 101 was significantly higher, therefore this gradient material was routinely used for purification in both 102 rate zonal and equilibrium centrifugation. This method yielded highly purified particles with 103 specific infectivity of 1.28 x 10 12 PFU/mg of protein. The typical recovery and specific infectivity 104 for each purification step is represented in Supplementary Table S1 . 105
FLiP genome is a circular ssDNA molecule with 16 putative ORFs 106
Genomic nucleic acid of FLiP was extracted from purified virions. Nuclease treatments 107 ( Supplementary Fig. S1 ) revealed that the genome is an ssDNA molecule. Genome sequencing 108 resulted in a 9,174 nt long molecule, with an overall GC content of 34 % (Fig. 1a ). A total of 16 109 putative open reading frames (ORFs) were identified from the genome using programs Glimmer 110 (21) and Genemark (22). All the ORFs were oriented in the same direction. Most of the ORFs 111 showed limited similarity to other sequences in the public databases ( Supplementary Table s2 ), 112 which is common for environmental phage isolates. 113
Identification of FLiP structural proteins 114
Purified virions were subjected to sodium dodecyl sulphate-polyacrylamide gel electrophoresis 115 (SDS-PAGE) analysis. The most abundant protein species detected were approximately 35 kDa in 116 size ( Fig. 1b ). Resolved structural proteins were identified by mass-spectrometry and N-terminal 117 sequencing was performed for the most abundant protein species ( Supplementary Table S3 ). 118
According to these analyses five ORFs (7, 8, 9, 11 and 14) were designated as genes as their protein 119 products were identified ( Fig. 1b ). Due to the high expression level, gene 8 was predicted to encode 120 the major capsid protein. Translated gene 14 showed a high sequence similarity to several lytic 121 transglycosylases and contained the conserved transglycosylase domain (E-value 4.97 × 10 -4 ). This 122 indicates that a protein with lytic activity is present in the virion structure. 123
FLiP obtains lipids selectively from the host 124
Interestingly, FLiP is the first described ssDNA virus with an inner membrane. 
Cryo-EM reconstruction of FLiP virion and MCP structure 135
We solved the structure of the FLiP virion using cryo-EM ( Fig. 2a ). Micrographs of purified virions 136 revealed spherical particles that were ~60 nm in diameter ( Supplementary Fig. S3a,b ). Some of the 137 particles appeared hollow, suggesting they were empty, lacking the DNA genome and possibly also 138 the internal lipids ( Supplementary Fig. S3c ). Single particle analysis of 2,203 'full' particles and 139 'gold-standard' three-dimensional structure refinement (23) yielded an icosahedrally symmetric 140 reconstruction of the FLiP virion, solved from a final set of 934 particles ( Fig. 2a ; Supplementary 141 Table S3 ). The resolution of the viral protein capsid was on average 4.0 Å, as estimated by Fourier 142 shell correlation at a 0.143-threshold ( Supplementary Fig. S3d ). Some local areas of the viral 143 surface were less resolved while resolution in the capsid interior was approaching 3.9 Å resolution 144 ( Supplementary Fig. S3e ,f). Reaching such resolution from a relatively small number of particles 145 has been reported before, for example in the case of deformed wing virus (EMD-3570) (24). In the 146 FLiP reconstruction, pentameric spikes (12 nm tall) protrude from the twelve icosahedral vertices 147 ( Fig. 2a,b ). The major capsid proteins forming the outer protein shell follow a 'pseudo T=21 dextro' 148 icosahedral capsid organisation ( Fig. 2a ), observed also in the dsDNA phage PM2 (25). The shape 149 of the shell is highly faceted, with facet-to-facet and edge-to-edge distance of 53 nm, and 55 nm, 150 respectively, compared to a vertex-to-vertex distance of 59 nm as measured from the base of the 151 spike. The outer protein shell covers a 5-nm thick lipid bilayer membrane ( Fig. 2b ). Minor 152 structural components, located between the outer protein shell and the membrane, bridge the two 153 together ( Fig.2b) . 154
The near-atomic resolution of the FLiP cryo-EM reconstruction facilitated building an atomic 155 model of the major capsid protein (MCP) de novo ( Supplementary Fig. S4 ; Supplementary Table  156 S5). Minor structural proteins that were resolved in the reconstructions, such as the pentameric 157 spikes, were not built in the absence of sequence assignments. The MCP consists of two beta-158 barrels/sandwiches, each of which is composed of two anti-parallel beta-sheets ( Fig. 3a ). Both of 159 the barrels have a jelly-roll topology ( 
FLiP MCP fold suggests the virus belongs to PRD1-Adenovirus lineage 167
The overall virion architecture and details of the MCP fold (including the topology and disposition 168 of the beta-barrels in addition to the position of the embedded alpha-helices) resemble closely those 169 observed in members of the PRD1-adenovirus lineage (14) ( Fig. 3c, Fig. 4 ). This lineage of 170 icosahedral viruses has until now comprised solely dsDNA viruses, albeit infecting organisms 171 ranging from bacteria (e.g. PRD1 (26) and PM2 (27)) through archaea (Sulfolobus turreted 172 icosahedral virus (28)) to green algae (Paramecium bursaria Chlorella virus 1 (29)) and higher 173 eukaryotes (e.g. adenovirus (30)). We calculated a structure-based phylogenetic tree by aligning 174
MCPs of different members of this lineage against FLiP using Homologous Structure Finder 175 program (31) ( Fig. 3c ). FliP branches from the bacterial/archaeal arm of the tree, being in no sense 176 an outlier, and is most closely structurally related to bacteriophage PM2. For these two viruses, the 177 structural homology extends beyond the conserved double-beta-barrel MCP fold. Notably, both 178
FLiP and PM2 share the same pseudo T=21 dextro capsid organization, although PM2 is slightly 179 larger in size than FLiP (vertex-to-vertex distance 63 nm vs. 59 nm; Fig. 4 ) (25). The two viruses 180 differ also in how the capsid is bridged to the internal lipid bilayer. In both viruses, minor 181 membrane proteins interact with the MCP inner surface via alpha-helices that are parallel to the 182 capsid ( Fig. 4d ). In FLiP, these parallel helices correspond to the C-terminus of the MCP ( Fig. 2e ; 183 Here, we describe a novel virus, FLiP, which infects a Flavobacterium host. The FLiP virion 187 consists of an icosahedrally symmetric protein capsid enclosing a circular ssDNA genome of 9,174 188 nucleotides in length (Fig. 1) . The inner surface of the capsid is covered by a lipid membrane, 189 which makes FLiP unique among previously described ssDNA phages. Even outside of those 190 ssDNA genomes, few bacterial viruses with internal lipid membranes have been characterized (32). 191
The presence of the membrane evidently facilitates virus-host interactions (32), and similarly to 192
FLiP, some viruses have been shown to derive lipids selectively from the host (33, 34). FLiP 193 contained significantly more ceramide than the host cytoplasmic membrane. This may relate to the 194 cone-shaped structure of ceramide, which could favour the formation of the highly curved viral 195
membrane. 196
The FLiP genome is considerably larger than that of the previously isolated of non-tailed ssDNA 197 phages except for the Cellulophaga phage phi48:2 (35). FLiP shows limited sequence similarity to 198 any known sequences in the database ( Supplementary Table S2 available high resolution structures of viral MCPs is increasing, most viruses seem to fit into just a 210 few structure-based lineages, to the extent that certain DNA viruses (e.g. ssDNA phage phiX174 as 211 well as papilloma and polyomaviruses with dsDNA genomes) have been assigned into the same 212 lineage together with some positive sense ssRNA viruses (15). The overall virion structure of FLiP 213 suggests a relationship with the members of the PRD1-adenovirus lineage and PM2 in particular. In 214 addition, the MCP of PM2 is the closest homolog of the FLiP MCP, strongly suggesting that FLiP 215 is a member of the PRD1-adenovirus lineage, despite the fact that the genomes of other members of 216 that lineage are dsDNA, as opposed to circular ssDNA of FLiP (Fig. 3c ). This contrasts with the 217 traditional classification of viruses, accepted by the International Committee on the Taxonomy of 218 Viruses (ICTV), where genome type is used as the top level of classification, namely into ssDNA, 219 dsDNA, ssRNA and dsRNA virus groups. The data we present here, together with previous 220 observations (15, 37) raise the question, of whether it would be appropriate to place more emphasis 221 on the virion architecture and the structure of the capsid proteins, when classifying viruses and 222 assigning distant viruses to higher taxonomic levels. To gain a more comprehensive view on the 223 evolution of the virus world, it would seem beneficial to complement the genomic analyses with 224 structural data. 225
Pervasive shuffling of genes and gene modules is undoubtedly a key feature in the virus evolution. 226 Viral genomes commonly encompass structural and replication modules, which may have different 227 evolutionary provenances (38, 39). The recombination of these modules may provide adaptive 228 advantage for viruses and give rise to novel virus types (38). The genetic resemblance of FLiP 229 ORF15 to rolling circle replication initiation proteins implies, that this virus may display a 230 fascinating combination of a replication mechanism typical of ssDNA viruses and structural 231 characteristics of dsDNA viruses. However, the replication mechanism of FLiP is yet to be 232 confirmed. Interestingly, PM2-like prophages with differing replication machineries seem to be 233 common in aquatic bacteria, although their structural proteins have remain conserved (40). 234
It is evident that bacterial viruses represent an enormous reservoir of genetic diversity. However, 235 only a small fraction of them have been structurally and biochemically characterized. The finding of 236 FLiP exemplifies the importance of detailed characterization of novel viruses from diverse 237 environments in obtaining deeper understanding of the microbial world. This is especially true for 238 ssDNA viruses whose diversity and ecological impact have remained poorly understood, despite 239 their abundance. 
Isolation of the bacteriophage and host bacterial strains 244
Bacteriophage FLiP (Flavobacterium infecting, lipid-containing phage) and its host bacterium 245
Flavobacterium sp. B330 were isolated from a freshwater sample, taken from lake Jyväsjärvi in 246
Central Finland (N62°13.840' E 025°44.510) as described elsewhere (41) . Afterwards B330 was 247 routinely grown in Shieh medium (42) Particles were picked from averaged images automatically using ETHAN (50). The picked particles 357 were manually divided into two datasets, consisting of full and empty particles. CTF parameters 358 were estimated locally using GCTF (51). The 3D structure full particles was determined in Relion 359 using established protocols for image classification and gold-standard structure refinement (23). As 360 a starting model, the previously published structure of PM2 (EMDB:1082) was used and it was 361 filtered to low resolution (40 Å) to avoid bias. The resolution of the reconstruction was estimated by 362
Fourier shell correlation using threshold of 0.143. Map was sharpened by applying an inverse B-363 factor of -100 Å 2 and local resolution was estimated in Relion. 364
Model building and refinement 365 PM2 major capsid protein (pdb:2VVF) was used to generate the FLiP asymmetric unit; 10 protein 366 chains were fitted in the FLiP cryo-EM density using Chimera (52). Subsequently the density 367 corresponding to the asymmetric unit was extracted with Phenix suite (53) phenix.map_box and 368 CCP4 suite (54). To facilitate the sequence assignment the map features were improved by B-factor 369 sharpening in REFMAC (55) and density modification in PHENIX (53). The atomic model of a 370 single MCP protomer was manually traced in the density map filtered to 3.9 Å using COOT (56). coiled-coiled protein (92.1) ORF or gene as in Fig. 1 ; Direction (Dir.) F, forward; R, reverse; Nucleotide coordinates refer to FLiP genome; gp, confirmed by proteomics (see Supplementary Table S2) coiled-coiled protein (92.1) ORF or gene as in Fig. 1 ; Direction (Dir.) F, forward; R, reverse; Nucleotide coordinates refer to FLiP genome; gp, confirmed by proteomics (see Supplementary Table S2 ); S, structural protein; MCP, major capsid protein; Number of predicted transmembrane (TM) helices. Gene functions as predicted by BlastP, Psi-Blast and HHpred programs. E-value of the most relevant Blast match indicated. Most relevant HHpred predictions are listed.
